OBJECTIVES: Papillary muscle rupture (PMR) is a rare, but serious mechanical complication of myocardial infarction (MI). Although mitral valve replacement is usually the preferred treatment for this condition, mitral valve repair may offer an improved outcome. In this study, we sought to determine the outcome of mitral valve repair for post-MI PMR and to provide a systematic review of the literature on this topic.
INTRODUCTION
Papillary muscle rupture (PMR) is a rare, but serious mechanical complication of myocardial infarction (MI) [1] . It occurs in 1-5% of patients with acute MI and accounts for 5% of infarct-related deaths [1, 2] . Approximately 80% of the ruptures occur within 7 days after MI, but a delayed rupture several weeks or months after MI is also possible [1] [2] [3] . When treated only medically, mortality may be as high as 50% in the first 24 h (especially when PMR is complete), and as high as 80% in the first week [3, 4] . Immediate surgical intervention is the optimal and most rational treatment for acute PMR [3, 5] . Mitral valve replacement is preferred in unstable patients [5] , but several reports suggest that mitral valve repair is feasible in selected cases and offers a potential for improved surgical outcome (which may be related to a better preservation of postoperative left ventricular [LV] function) [6] [7] [8] [9] [10] [11] [12] [13] .
The literature on mitral valve repair in this group of high-risk patients is relatively sparse. In this study, we sought to determine the outcome of a series of 9 patients who underwent mitral valve repair for post-MI PMR and to provide a systematic review of the literature on this topic.
PATIENTS AND METHODS
This study was conducted in accordance with the guidelines of the University Medical Center Groningen Institutional Review Board.
Clinical data, echocardiographic data, catheterization data and surgical reports were reviewed. Follow-up of survivors was updated, and no patient was lost to follow-up.
Echocardiography and coronary angiography
All patients underwent preoperative echocardiography [transthoracic (TTE) and/or transoesophageal (TEE)] and coronary angiography. TTE accurately revealed the diagnosis of PMR in 4 patients. The diagnosis was suspected in the remaining 5 patients and confirmed with TEE. Left ventricular function was assessed by ventriculography and echocardiography. In addition, wall motion abnormalities were documented for infarct localization.
Surgical technique
Surgical data are summarized in Table 2 . PMR was confirmed during surgery in all patients. When a papillary muscle (PM) was divided into several heads, rupture of a single head was defined as 'partial' (Fig. 1 ). In the case of detachment of the main insertion of a head, which still remained fixed to the remnant PM via muscular bridges, rupture was defined as 'incomplete'. Rupture of the whole PM was defined as 'total and complete' [13] .
Myocardial protection was obtained using moderate systemic hypothermia and antegrade or combined antegrade and retrograde cardioplegia. The mitral valve was exposed with a left atriotomy or a trans-septal approach. Surgeon's choice formed the basis for repair. Repair techniques are shown in Table 2 . Reimplantation of the PM in the corresponding PM with a pledget-reinforced suture is shown in Fig. 2 . Concomitant coronary artery bypass grafting (CABG) was performed in 5 patients. After weaning from cardiopulmonary bypass, mitral valve competence was confirmed with TEE. In addition, all patients underwent TTE before discharge.
Follow-up
Follow-up was obtained in December 2012 directly from outpatient visits or by telephone interview with the patient and/or the referring physician. Follow-up was 100% complete for all hospital survivors. TTE follow-up was obtained from regularly scheduled outpatient visits.
Systematic review of the literature
A systematic review of the literature on mitral valve repair for post-MI PMR was performed in December 2012. Separate Medline (PubMed), EMBASE and Cochrane database queries were performed with the following text and keywords: 'papillary muscle rupture, repair', 'papillary muscle rupture, ischaemic', 'papillary muscle rupture, myocardial infarction'. All papers were considered irrespective of the journal in which they were published. Titles and abstracts were screened and relevant papers were included. Papers not written in English were excluded. Papers were thoroughly checked to ensure that the aetiology of PMR was ischaemic.
Statistics
Continuous variables were expressed as mean ± standard deviation. Categorical variables were expressed as percentages. Survival curves were calculated and presented according to the product-limit method of Kaplan and Meier. Cox proportionalhazard regression analysis was used to determine univariate predictors and multivariate independent predictors of long-term survival. All calculations were performed using a commercially available statistical package (SPSS 18.0; SPSS, Inc., Chicago, IL, USA). Statistically significant differences were established at P < 0.05. ADULT CARDIAC
RESULTS

Intraoperative and in-hospital mortality
Intraoperative mortality was 0%. In-hospital mortality was defined as death within 30 days after surgery or during the same hospital stay. In-hospital mortality was 0% (Table 3) .
Intraoperative mitral valve repair failure
Mitral valve repair failed intraoperatively in 1 patient who underwent a quadrangular resection of P2 and annuloplasty with a 32-mm Carpentier-Edwards Classic ring for partial PMR of the anterolateral papillary muscle (ALPM). Persistent MR at the A2 level resulted in mitral valve replacement with a 27-mm St. Jude mechanical prosthesis with preservation of the posterior subvalvular apparatus. This patient underwent re-exploration for bleeding, but did not experience any other adverse postoperative events. After a follow-up of 8.5 years, this patient is still alive and in New York Heart Association (NYHA) Class I.
Freedom from Grade 3+ or 4+ mitral regurgitation
Mean TTE follow-up was 6.9 ± 5.8 (range 0.1-17.0 years). After a follow-up of 2 months, 1 patient had Grade 4+ recurrent MR, which required a reoperation. Estimated freedom from moderately severe (Grade 3+) or severe (Grade 4+) MR at 1, 5, 10 and 15 years was 87.5 ± 11.7%.
Freedom from reoperation
One patient required a reoperation 2 months after repair. This patient had undergone reimplantation of the PM into the LV wall and annuloplasty with a 34-mm Carpentier-Edwards Classic ring for partial PMR. He appeared to have dehiscence of the reimplanted PM and underwent mitral valve replacement with a 29-mm Carbomedics mechanical prosthesis and preservation of the posterior subvalvular apparatus for recurrent severe MR. This patient survived for 16 years and 7 months. Estimated freedom from reoperation at 1, 5, 10, and 15 years was 87.5 ± 11.7%.
Long-term survival
The mean follow-up was 8. (Fig. 3) . Two late deaths were cardiac-related (end-stage heart failure), and 1 was noncardiac related. All late survivors were in NYHA Class I or II, had a moderately impaired or normal LV function and had trace (Grade 0) or only mild (Grade 1+) MR at the last follow-up (Table 3) .
Predictors of long-term survival
(Pre)operative variables from Tables 1 and 2 did not have a significant effect on long-term survival, although the number of patients in each subgroup was small.
Systematic review of the literature Table 4 provides a systematic review of the literature on mitral valve repair for post-MI PMR. The experience with mitral valve repair for post-MI PMR is mostly limited to case reports or reports of small series (up to 25 patients). There are no (1) Reconstruction (not specified) recurrent MR 16 days after repair; outcome not further specified PMPM (2) Partial (2) Ballet-Méchain et al.
[23] All patients were alive, had Grade 0 or 1+ MR and were in NYHA Class I or II after a mean follow-up of 8.6 ± 7.5 months Tahalele et al. [16] 2000 1 Not specified Partial Reimplantation of the PM with two pledget sutures Doing well 7 months postoperatively Tavakoli et al. [19] 2002 2 Not specified Not specified Not specified One patient required MVR for recurrent MR 69 months after repair; outcome not further specified Chen et al. [20] 2002 2 Not specified Not specified Not specified Not specified Jouan et al. [13] 2004 25 Not specified Partial (21) Incomplete ( In most cases, repair was carried out for partial or incomplete PMR. There are only 2 reported cases of mitral valve repair for the complete rupture of an ALPM [7, 10] . Several reports were not exclusively about PMR, but about different forms of ischaemic MR [8, 11, 13, 14] . In these studies, results were generally presented for the entire group. Therefore, outcome was frequently difficult to specify.
The most popular repair techniques included: resection of a prolapsing leaflet segment combined with annuloplasty [10, 13, 15] and reimplantation of the PM into the corresponding healthy PM head [6, 8, 9, 13, 16] or into the LV [7, 8] , with or without annuloplasty. DISCUSSION PMR is a rare, but serious mechanical complication of MI, which can lead to rapid clinical deterioration [1, 5] . After MI, the posteromedian papillary muscle (PMPM) ruptures 3-12 times more frequently than the ALPM [2, 3, 5, 17] . The ALPM is less vulnerable to rupture due to its dual blood supply (left anterior descending and circumflex coronary artery) [18] . The PMPM is more prone to ischaemia and rupture due to its dependence on a single blood supply from the posterior descending coronary artery (which is either derived from the circumflex or from the right coronary artery) [18] . In this study, PMPM rupture occurred in 8 (88.9%) patients and ALPM rupture occurred in 1 (11.1%), which supports these previous findings.
Left ventricular ejection fraction (LVEF) is relatively preserved in patients requiring mitral valve surgery for post-MI PMR [5, 19] . This study supports these findings, since 88.9% of patients had a normal LVEF (>50%), 11.1% had a moderately impaired LVEF (30-50%) and none had a severely impaired LVEF (<30%). A relatively preserved LVEF may result in greater shearing forces on the ischaemic PM, which may render it more prone to rupture [3] . Preservation of LVEF is likely to be related to a relatively small infarct size [5] , which in turn may be explained by the limited extent of coronary artery disease (CAD) in this population. Different studies have shown a high incidence of one-vessel CAD in patients requiring mitral valve surgery for post-MI PMR, ranging from 23 to 44% [5, 19] . This study supports these findings with an incidence of one-vessel CAD of 44.4%.
When PMR is complete, repair is often not possible or advisable because of friable infarcted tissue [5, 13, 20] . A segmental prolapse secondary to a partial PMR with limited adjacent tissue damage is often amenable to a reliable repair [5, 13] . All patients in this study experienced partial PMR. When PMR is partial or incomplete, established repair techniques, such as quadrangular or triangular resection of a prolapsing mitral valve leaflet segment combined with annuloplasty, have proven to be efficient [10, 13, 15, 21] . (Ischaemic) PMR is one of the rare conditions in which several Carpentier functional types of regurgitation (Type I, annular dilatation; Type II, leaflet prolapse and Type IIIb, restricted leaflet motion) can more or less coexist [21] , which is important to realize and address during repair. When PMR is partial or incomplete, but mitral valve prolapse involves a segment that is too large to resect, reimplantation of the remnant PM may be a useful technique [6-9, 13, 16] . Reimplantation carries a higher risk of recurrence [6, 8, 13] , since the success of reimplantation is critically dependent on the quality of the adjacent tissue (i.e. PM or LV) [6, 8, 13] . Therefore, reimplantation of the ruptured head of a PM directly at the site of rupture is not advised. In this study, reimplantation of a ruptured PM remnant into the LV wall did not offer a reliable outcome and resulted in mitral valve replacement 2 months after the initial repair. Retraction and involution of the edges of the reimplanted remnants can result in a shorter PM that experiences superior traction forces, rendering it prone to dehiscence, as shown by Jouan et al. [13] . Height-and lengthadjusted reimplantation of the PM tip in the corresponding healthy PM is the preferred choice for reimplantation [9] .
Although timing of surgery was not a significant predictor of survival, a relative delay between MI/PMR and repair (7 of 9 patients had their infarcts >7 days before repair in this study) is likely to represent a relatively low-risk group with limited haemodynamic instability and a presumably better prognosis (mean logistic EuroSCORE of 13.4%). Indeed, our in-hospital and 10-year survival rates of 100 and 66.7 ± 19.2%, respectively, compared favourably with in-hospital and 10-year survival rates of 79 and 32 ± 9.7%, respectively, in the largest reported replacement group for PMR (31 replacements and 2 repairs; time from PMR to surgery 1 ± 3 days) [20] . Although the difference in outcome may in part be related to a better postoperative preservation of LV function after repair [6] [7] [8] [9] [10] [11] [12] [13] , the influence of a preoperative low-risk profile in repair patients (with partial or incomplete PMR and less friable tissue) should not be underestimated.
The benefit of concomitant CABG in the setting of mitral valve surgery for post-MI PMR is unclear. Kishon et al. [5] have shown that CABG was the only factor identified that improved both immediate and long-term survival. At this point, there are no randomized studies to determine the importance of concomitant CABG in this setting. CABG may improve postoperative LV function and survival, but these potential benefits have to be weighed against the consequences of prolonging the duration of cardiopulmonary bypass.
A limitation of this study is the relatively small number of patients. However, compared with the previously published literature on this subject, this is the second-largest cohort that underwent repair for post-MI PMR (Table 4 ). The largest study on this topic reported repair in 25 patients with partial or incomplete PMR [13] . Unfortunately, results were reported for a larger cohort with ischaemic mitral valve prolapse; therefore, outcome could not be further specified for the PMR subgroup [13] . The current study presents a more comprehensive and cleaner overview of outcomes for repair of post-MI PMR. Future (multicenter) investigations should include larger ( preferably randomized) cohorts to more accurately identify independent predictors of short-and long-term outcomes and to determine long-term outcome benefits of repair vs replacement for this specific condition.
CONCLUSIONS
Mitral valve repair for partial or incomplete post-MI PMR is reliable and provides good short-and long-term results, provided established repair techniques are used and adjacent tissue is not friable. PMR type and adjacent tissue quality ultimately determine the feasibility and durability of repair.
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